A lithium-rich layered cathode material [0.4Li 2 MnO 3 ·0.6Li (Mn 0.43 Ni 0.36 Co 0.21 )O 2 )] containing nanosized grains (50100 nm) was prepared from an aqueous precursor solution via a sequential two-step process composed of ultrasonic spray pyrolysis and postcalcination. The microsized lithium-rich layered composites show a high initial discharge capacity of 251 mA h g ¹1 at 0.1 C. The reversible capacities of 206 mA h g ¹1 at 0.5 C and 189 mA h g ¹1 at 1 C are obtained between 4.6 and 2.0 V. These are comparable to the values reported previously for these materials, without the need for doping or surface modification. The improved electrochemical performance may have resulted from the presence of nanosized grains, which can lead to an improvement in electronic and ionic transport, and the homogeneously dispersed Li 2 MnO 3 phase in the LiMO 2 (M = Mn, Ni, Co) phase. These results suggest that spray pyrolysis is an effective technique for the preparation of multi-component composite materials and can be used to control the microstructure of the materials, ultimately improving the electrical performance.
Introduction
Coping with climate change has become one of the most important issues of this era. In this regard, many researchers in various fields have worked on the sequestration of greenhouse gases. 1) Transportation sector accounts for almost 14% of global greenhouse gas emissions. Therefore, replacing fossil fuel-based vehicles with electric vehicles is a key strategy to reducing greenhouse gas emissions. This need promotes the development of high-capacity energy storage systems. 2) Among the various types of batteries, lithium-ion batteries are considered the most attractive option because of their light weight and high power density.
3)5) However, current performance is not satisfactory for the full-scale commercialization of electric vehicles (EVs) and hybrid electric vehicles (HEVs). 6) Increasing the driving range and reducing battery costs remain key issues that need to be addressed.
Li-rich layered cathode materials [xLi 2 MnO 3 ·(1 ¹ x) LiMO 2 (M = Ni, Co, Mn)] are gaining popularity because of their high capacities, broad voltage range (³4.6 V), low cost, and high stability 7) 11) compared to commercial LiCoO 2 . 12),13) However, layered xLi 2 MnO 3 ·(1 ¹ x)LiMO 2 shows a low-rate capability because of its low electronic conductivity, which is caused by the insulating Li[Li 1/3 Mn 2/3 ]O 2 component. 14) ,15) Therefore, the low-rate capabilities of these batteries need to be improved for their use in EVs and HEVs, which require fast charge/discharge reactions.
Various methods have been developed to enhance the rate capability of Li-rich layered cathode materials such as heteroatom doping, surface modification, and coating. 14),16), 17) However, attempts to control the morphology and particle size have rarely been accomplished because of limitations of preparation methods. The cathode materials are normally prepared by solid-state reactions or liquid-phase methods requiring a high calcination temperature and long calcination time to obtain the desired composite phase. 18)20) These calcination conditions result in the aggregation and growth of primary particles, which disrupt the diffusion of Li-ions between the electrode and the electrolyte.
In recent studies, spray pyrolysis has attracted attention for the fabrication of multicomponent ceramic particles owing to its prominent advantages of simplicity, controllability, and capability to produce particles with high crystallinity 21)24) In this study, we prepared spherical 0.4Li 2 MnO 3 ·0.6Li(Mn 0.43 Ni 0.36 Co 0.21 )O 2 microparticles containing nanosized grains by spray pyrolysis and a post-heat treatment. Additionally, the structural and electrochemical properties of the prepared microparticles were investigated.
Experimental procedure 2.1 Preparation of Li-rich layered cathode microparticles
Spray pyrolysis process was used to produce Li-rich layered oxide microparticles of the cathode material, 0.4Li 2 ) was employed to measure the total surface area of the microparticles. The size distribution was obtained using a particle size analyzer (Cilas, 1064). The morphological properties were analyzed by field-emission scanning electron microscopy (FE-SEM; HITACHI, S-4800) and field-emission transmission electron microscopy (FE-TEM; FEI, Tecnai G2 F30). The thermal properties of the microparticles were determined by thermogravimetry-differential scanning calorimetry (TG-DSC; Setaram, Setsys 16/18).
The slurry for preparing the electrode was composed of the active material (88 wt %), polyvinylidene difluoride (5.5 wt %), and carbon black (Denka, 6.5 wt %). The slurry was cast on aluminum foil and dried at 130°C for 30 min. The electrode was pressed with a rolling machine to obtain a material with a porosity of 33% and then punched into 15-mm-diameter disks. Lithium foil (Hohsen Corporation) was used as the negative electrode and the electrolyte solution was 1 M LiPF 6 in solvent. All procedures used to prepare the cell were performed in a dry room. The assembled cells were aged for 24 h before the first charge to ensure full absorption of the electrolyte into the electrode. Electrochemical performances were evaluated between 4.6 and 2.0 V at 25°C using a TOSCAT 3100 series electrochemical bench. For rate capability, various current rates (0.1, 0.2, 0.5, 1, and 2 C; where 1 C = 200 mA h g ¹1 ) were applied. After rate capability measurements, the cycle stability was evaluated at a rate of 0.5 C.
Results and discussion
The microparticles prepared by spray pyrolysis have a spherical morphology with a mean diameter of 1.59¯m (Fig. 1) . The TG-DSC curves of the microparticles show three weight-loss regions (Fig. 2) . The first weight-loss region observed at a temperature below 150°C is related to the evaporation of water molecules adsorbed on the precursor particles. The second weight-loss step (150600°C) is attributed to the decomposition of nitrate precursors and the formation of the LiMO 2 (M = Ni, Co, Mn) phase. The last step is speculated to be the formation of the Li 2 MnO 3 phase, which will be explained later in the paper using XRD results (Fig. 5) . The total weight loss was about 10 wt %. The slight weight loss around 1000°C can be attributed to the evaporation of Li. 26) According to the TG-DSC analysis, it can be clearly seen that post-heat treatment is required for the formation of the composite structures. Here, it was supposed that post-heat treatment did not cause large variation in chemical compositions except 1000°C where the volatilization of lithium could severely occur. Because, the post-heat treatment condition in this study is very mild compared to those in literatures, leading to significant loss of lithium content. 26) The SEM and TEM images of the 0.4Li 2 MnO 3 ·0.6Li(Mn 0.43 -Ni 0.36 Co 0.21 )O 2 microparticles calcined at different temperatures are presented in Fig. 3 . The microparticles calcined at 700°C were aggregate-free and had a morphology similar to that of the asprepared microparticles. Grain growth of the primary particles® nanosized grains having diameters ranging from 10 to 50 nm® was not observed in the sample calcined at 700°C. However, grain growth occurred at calcination temperatures of 800°C and higher, and the diameter of the primary particles increased to 50100 nm. When the calcination temperature was increased up to 1000°C, the microparticles began to aggregate and had a diameter of 20 30¯m.
The average size of the primary particles increased from 30 to 600 nm as the calcination temperature was increased from 700 to 1000°C. The HRTEM image [ Fig. 3(b) ] shows an enlarged view of the microcomposites, where the lattice spacing of 0.47 nm signifies the (001) fringes of Li 2 MnO 3 and (003) fringes of LiMO 2 (M = Ni, Co, Mn).
7) It is difficult to distinguish the formation of the Li 2 MnO 3 and LiMO 2 phases by HRTEM because lattice fringes of both overlap. Thus, results of XRD analysis were used to demonstrate the formation of the Li 2 MnO 3 and LiMO 2 phases. Figure 4 shows the effect of calcination temperature on the particle size distribution (PSD) and specific surface area of 0.4Li 2 MnO 3 ·0.6Li(Mn 0.43 Ni 0.36 Co 0.21 )O 2 microparticles. The surface area decreased from 23.9 to 0.59 m 2 g ¹1 as the calcination temperature was increased from 700 to 1000°C; there was a dramatic drop in the surface area at the calcination temperature of 800°C. The mean particle size increased from 1.92 to 3.59¯m when the calcination temperature was increased from 700 to 900°C. The results of PSD analysis were consistent with the morphology characteristics shown in Fig. 3 .
XRD patterns of the calcined 0. 20) The splitting of the peak clearly occurred in the microparticles calcined at temperatures ²800°C. The composite particles calcined at 700°C also contained split peaks, but the degree of splitting was not distinct. In the XRD pattern of the particles calcined at 600°C, split peaks were not observed.
The structure of Li 2 MnO 3 is similar to that of the LiMO 2 with an R 3m layered rock-salt structure. 27) However, Li 2 MnO 3 has a monoclinic structure with a space group of C2/m formed by the super-lattice ordering of Li + and Mn
4+
, which exists in the transition metal (TM) layer. Small satellite peaks located at 22°( 2ª) are indicative of the formation of the Li 2 MnO 3 phase. 7), 28) In addition, the microparticles calcined at temperatures above 700°C exhibit diffraction peaks. However, the peaks of the microparticles calcined at 700°C appear to be highly disordered, given that some peaks are broadened. A disordered peak indicates a high density of stacking disorders, which can cause an increase in the capacity but a rapid decrease in cycle stability. Moreover, the microparticles calcined at 1000°C have secondary Li 4 Mn 5 O 12 peaks at 38 and 43°, which could be attributed to the evaporation of Li-ions. 29) Thus, these results indicate that microparticles with good electrochemical performance can be obtained when the particles are calcined between 800 and 900°C; low crystallinity and the formation of a secondary phase are not suitable for high performance cathode materials. Figure 6 shows the initial charge/discharge curves of the calcined 0. ). All the initial charge curves have two clearly distinguishable voltage regions. Region A of the curves, exhibiting a plateau at ³4.5 V, corresponds to the oxidation of nickel and cobalt at <4.5 V and region B corresponds to the irreversible loss of oxygen due to the decomposition reaction by the activation of Li 2 MnO 3 at >4.5 V. Considering this result, the calcined microparticles at 700°C are desirable, of which temperature are relatively lower than those of other solid-state reaction or liquid-phase methods. 31) Lim et al. found that an increase in the Li 2 MnO 3 content of the composites resulted in a shift to higher voltage in the initial charge curve and the voltage plateau (at 4.45 V) became longer. 19) Johnson et al. used the I 020 /I 003 intensity ratio (C2/m/R 3m) as a rough guide for determining the Li 2 MnO 3 content in xLiMnO 3 ·(1 ¹ x)LiMO 2 composite particles. 32) A shift in the initial charge curve was also observed for our 0.4Li 2 MnO 3 ·0.6Li(Mn 0.43 Ni 0.36 Co 0.21 )O 2 microcomposites. In addition, an increase in the intensity ratio from 0.047 to 0.053 was observed as the calcination temperature was increased. Moreover, the first-cycle coulombic efficiency (CE) decreased from 87 to 80%, as the calcination temperature was increased, as shown in the inserted table in Fig. 6 . These results indicate that the Li 2 MnO 3 content in the xLiMnO 3 ·(1 ¹ x)LiMO 2 increased. This is because the irreversible capacity loss on the initial charge and discharge results from electrochemical activation involving Li 2 O extraction from Li 2 MnO 3 . 33) Thus, based on the aforementioned results, we can conclude that an increase in the calcination temperature increases the content of Li 2 MnO 3 in
30)
The initial discharge capacities of the calcined microparticles decreased with increasing calcination temperature: 251 mA h g ¹1 at 700 and 800°C, 242 mA h g ¹1 at 900°C, and 211 mA h g ¹1 at 1000°C. Although the initial charge and discharge capacities were reported to increase with an increase in the Li 2 MnO 3 content, 19) in this study, the microparticles calcined at 700°C had a low Li 2 MnO 3 content but a high initial discharge capacity of 251 mA h g
¹1
. This could be explained by the disordered peak containing a high density of stacking disorders, as shown in Fig. 5 . Normally, a material without defects has the lowest energy state; defects in materials increase the energy state. 34) Thus, the composites with defects lowered the activation barrier for Li diffusion and enabled Li to be extracted at a lower potential, which increased the initial capacity.
Moreover, the capacity decreased with an increase in the calcination temperature, although the Li 2 MnO 3 content increased. This was due to an increase in the particle size and a decrease in the surface area. When the particle size increases, lithium diffusion becomes difficult because of the barrier to diffusion for the Li-ions within a cathode particle and the difficulty in electron transport through the bulk of the cathode particle.
35) The capacity of the microparticles calcined at 1000°C largely decreases. This is thought to be due to the formation of Li 4 Mn 5 O 12 by evaporation of the Li-ions at a high calcination temperature (Fig. 5) . Thus, in this study, the capacity did not appear to be strongly affected by the increase of Li 2 MnO 3 content in xLiMnO 3 ·(1 ¹ x)-LiMO 2 microparticles, but rather by the morphology, specific surface area, and crystal structure. The microparticles calcined at 800°C were decorated with nanosized grains, and thus had the highest capacity (251 mA h g ¹1 ). To investigate the effect of calcination temperature on the rate capability of 0.4Li 2 MnO 3 ·0.6Li(Mn 0.43 Ni 0.36 Co 0.21 )O 2 , the calcined microparticles were galvanostatically charged at a current density of 0.1 C before each discharging test, and then the current density was changed from 0.1 to 2 C. Figure 7 shows the rate capability of the microparticles cycled over a voltage range of 2.04.6 V. The specific surface areas of the microparticles decreased with increasing the calcination temperature (Fig. 4) . The rate capability is related to the specific surface area and primary particle size of the microparticles. Increase in the surface area and decrease in primary particle size accelerate the diffusion of Li ions in the composite particles®due to their short diffusion pathway®which improves the rate capability. Thus, the spherical microparticles with nanosized grains and pure well-crystallized phase (calcined at 800°C) showed a good rate performance. However, the capacity of the microparticles calcined at 700°C showed a high initial discharge capacity; the capacity decreased sharply as the current density increased, which can be explained based on the XRD and BET analyses. The microparticles had high capacity due to the disordered peak and high surface area (mentioned above), did not have a well-ordered layered structure of LiMO 2 , and had crystal defects in Li 2 MnO 3 . These factors can result in an unstable cycle property, especially for a high cut-off voltage and high current density. Moreover, the microparticles calcined at 1000°C showed a rapid decrease in capacity at the high current density of 2 C, which was attributed to the large grain size and low surface area (0.59 m 2 g
).
To sum up, the rate capability was maximized with a sample calcined at 800°C although the sample calcined at 800°C had lower surface area than that of the samples at 700°C. It was because the sample had not only optimal point in primary grain size and specific surface, but also well-developed crystal structures. Figure 8 shows the capacity retention of 0.4Li 2 MnO 3 ·0.6Li-(Mn 0.43 Ni 0.36 Co 0.21 )O 2 microparticles over the voltage range of 2.04.6 V at 25°C and a current density of 0.5 C. Testing was done after the rate capability test. Thus, the capacity retention ratio was calculated using the equation shown in Fig. 8 . All the composite particles showed a stable charge/discharge capacity after 16 cycles at 25°C, except the microparticles calcined at 700°C. The microparticles calcined at 700°C retained 83% of their initial capacity after 16 cycles, which resulted from the unstable structure and high surface area, as shown in Figs. 3 and 4 . The high surface area of cathode materials could, to some degree, help in improving the rate capability, but has negative side effects such as side reactions with electrolyte or dissolutions of transition metal, which finally degrade cycle performance. 33 ),36), 37) Conversely, the microparticles calcined at 800 and 900°C delivered a reasonably steady capacity and retention ratio, as shown in the table inserted in Fig. 8 . This occurred because the primary particle size was large enough to minimize side-reactions with the electrolyte, the formation of Li 2 MnO 3 (which served as a stabilizer), and the well-developed layered structure of LiMO 2 . The slight difference in capacity could be attributed to the difference in surface area. The microparticles calcined at 1000°C had excellent cycling performance (97% after 16 cycles), but considerably lower capacity due to the increase in the diffusion pathway caused by the large particle size and secondary phase.
Conclusions
Spherical 0.4Li 2 MnO 3 ·0.6Li(Mn 0.43 Ni 0.36 Co 0.21 )O 2 microparticles with nanosized grains were successfully prepared by a twostep process: spray pyrolysis followed by low-temperature calcination. The microstructure and crystal structure were strongly dependent on the calcination temperature, which affected the electrochemical performance. The good rate capability and cycle stability of the microparticles calcined at 800°C were ascribed to the following factors: (1) the formation of a well-developed Li 2 MnO 3 phase, which supplies surplus Li-ions to the LiMO 2 component as a stabilizer; (2) appropriate particle size and specific surface area, which minimize electrolyte-induced side reactions; and (3) a well-developed hexagonal ¡-NaFeO 2 structure. Spray pyrolysis was shown to be effective for preparing the layered cathode materials xLi 2 MnO 3 ·(1 ¹ x)LiMO 2 (M = Ni, Co, Mn). Compared to other processes, spray pyrolysis can be used to prepare composite particles at low calcination temperatures while allowing for the existence of nanosized grains, which can improve electrical performance. 
